We have used terahertz time-domain spectroscopy to investigate the complex optical constants and birefringence of a widely used liquid crystal mixture E7 in both nematic and isotropic phases ͑26°C-70°C͒. The extinction coefficient of E7 at room temperature is less than 0.035 and without sharp absorption features in the frequency range of 0.2-2.0 THz. The extraordinary ͑n e ͒ and ordinary ͑n o ͒ indices of refraction at 26°C are 1.690-1.704 and 1.557-1.581, respectively, giving rise to a birefringence of 0.130-0.148 in this frequency range. The temperature-dependent ͑26°C-70°C͒ order parameter extracted from the birefringence data agrees with that in the visible region quite well. Further, the temperature gradients of the terahertz optical constants of E7 are also determined. The optical constants of E7 in the terahertz or sub-millimeter wave range are found to deviate significantly from values predicated by the usual extended Cauchy equations used in the visible and near-infrared.
INTRODUCTION
Due to their relative large birefringence ͑⌬n = n e − n o ͒ from the visible to microwave band, liquid crystals (LCs) have found a variety of applications ranging from display, tunable optical elements, communication and signal processing, beam steering, etc. [1, 2] . In order for LCs to be employed at a particular wavelength, it is thus essential that the magnitudes of the extraordinary and ordinary refractive indices, n e and n o , as well as the birefringence of the LC are known. The temperature effects on the optical constants are also of interest.
The LC mixture E7, composed of 4-cyano-4Ј-n-pentyl-biphenyl (5CB), 4-cyano-4Ј-nheptylbiphenyl (7CB), 4-cyano-4Ј-n-octyloxy-biphenyl, and 4-cyano-4Љ-n-pentyl-p-terphenyl, has been widely used in LC devices due to its large birefringence (ϳ0.2 in the visible) and wide nematic temperature range (−10°C to 59°C). The optical constants of E7 have been studied extensively in the past. In the visible (from 656 to 450 nm) and at room temperature ͑25°C͒, for example, Li et al. [3] reported that n e of E7 increases from 1.73 to 1.80, while its n o also increases slowly from 1.52 to 1.54 ͑⌬n ϳ 0.21-0.26͒. In the near-infrared region, the same group reported that ⌬n = 0.186 at 1.55 m [4] and ϳ0.191 in the wavelength range from 1.611 to 2.833 m. The birefringence of E7 in the mid-infrared region ͑2-16 m͒ can be approximated at a constant, ⌬n ϳ 0.18, outside the vicinity of vibrational bands [5] . At the CO 2 laser wavelengths ͑ = 10.6 m͒, Wu et al. [4] and Brugioni and Meucci [6] independently determined that n e = 1.69 and n o = 1.49 ͑⌬n = 0.20͒. In general, the refractive indices of E7 can be modeled by the extended Cauchy equation from the visible to the infrared [4] . The corresponding birefringence exhibit a general decreasing trend as the wavelength increased over this spectral range. For wavelengths much longer than the mean resonance wavelength ͑ ‫ء‬ ϳ 250 nm͒, i.e., infrared and beyond, ⌬n is expected to approach a limiting but appreciable value [5] .
In the past decade, terahertz studies ranging from investigations of ultrafast dynamics in materials to medical and environmental sensing and imaging have been actively explored [7] [8] [9] [10] . For these and future applications in terahertz communication and surveillance, quasioptical components [11] such as phase modulators [12, 13] are increasingly in demand. Liquid-crystal-based terahertz devices are attractive in quasi-optical systems provided LCs exhibit reasonably large birefringence and acceptable transmittance can be found. Indeed, several kinds of LC devices, e.g., phase shifters [14] , birefringent [15, 16] , plasmonic [17] , and Fabry-Perot filters [18] , polarizers [19] , phase gratings [20] , and Bragg switches [21] , have been demonstrated. The LC mixture E7 (Merck), with a wide nematic temperature range (−10°C to 59°C), was the LC of choice in most of these works. At room temperature, we showed that there is no sharp resonance for the optical constants of E7 in the 0.2-1.2 THz range, in which the extraordinary index of refraction, n e , varies from 1.69 to 1.80, while the ordinary index of refraction, n o , varies from 1.51 to 1.63. The terahertz birefringence of E7 is thus 0.12-0.21. The corresponding imaginary indices of E7 are relatively small ͑Ͻ0.04͒ [22] . Independently, Jewell et al. [18] determined that ⌬n = 0.15 (Ϯ0.01) for E7 over the same frequency range. In this work, we use terahertz time-domain spectroscopy (THz-TDS) to conduct a detailed study of the frequency dependence (0.2-2.0 THz) and temperature dependence of the complex terahertz optical constants of E7 in both nematic and isotropic phases ͑26°C-70°C͒. The temperature-dependent terahertz birefringence ⌬n and the order parameter S of E7 in this spectral range have also been investigated. Further, the temperature gradients of the terahertz optical constants of E7 are also determined. It is shown that the optical constants of E7 in the terahertz or sub-millimeter wave range deviate significantly from values predicated by the usual extended Cauchy equations used in the visible and near-infrared.
EXPERIMENTAL METHODS
A homogeneously aligned LC cell and a reference cell, schematically shown in Fig. 1 , were prepared in this work. The reference cell was constructed by two opticalgrade fused silica windows with thicknesses d 1 and d 2 . The LC cell was constructed by sandwiching the LC (E7, Merck) between two windows of the aforementioned types with thicknesses d 3 and d 4 . The thickness of the LC layer was controlled with a Mylar spacer and measured by subtracting the substrate thicknesses from the total cell thickness. The LC layer thickness in this work was d LC = 0.552± 0.002 mm. We achieved homogeneous alignment of the nematic LC by rubbing the polyimide films on the substrates. The temperature of the LC cell can be varied with an accuracy of ±0.1°C. The thickness of each of the windows employed was found to be ϳ3 mm as measured with a micrometer.
To determine the optical constants, we employed a photoconductive-antenna-based THz-TDS system described previously [23] . Data were taken both in Taiwan and Japan; the results are consistent and complementary. For the frequency range below 0.4 THz and above 1.4 THz, data taken, respectively, in Taiwan and Japan were used in view of the signal to noise performance of the two systems. Between 0.4 and 1.4 THz, the data from the two laboratories were identical within experimental error. The THz-TDS in Taiwan was purged with dry nitrogen so that it could be maintained at a relative humidity of ͑4.0± 0.5͒%. In the experiments, the reference of the LC cell was placed in the THz-TDS at the position where the terahertz beam was collimated. For measurements of the extraordinary and ordinary indices of refraction, n e and n o , we rotated the LC cell such that its director was either perpendicular or parallel to the polarization direction of the incident terahertz wave.
EXTRACTION AND ANALYSIS OF THE OPTICAL CONSTANTS
For a monochromatic plane terahertz wave propagating through the cells at normal incidence (see Fig. 1 ), we can write the electric field of the terahertz wave transmitted through the reference cell as
where E 0 ͑͒ is the electric field of the incident terahertz wave. The ratios t aw =2ñ a / ͑ñ a + ñ w ͒ and t wa =2ñ w / ͑ñ w + ñ a ͒ are the transmission coefficients of the terahertz signal from air to the fused silica substrate and from the substrate to air, respectively; ñ w and ñ a are the refractive indices of the substrate and air. Here, the slight difference in thicknesses,
of the reference and LC cells is taken into account by the term ⌬d
is thickness of a mass of air assumed to have the same value as d LC . Similarly, the electric field of the terahertz wave passed through the LC cell can be written as
where t w−LC =2ñ w / ͑ñ w + ñ LC ͒ and t LC−w =2ñ LC / ͑ñ LC + ñ w ͒ are the transmission coefficients from fused silica substrate to the LC layer and from the LC layer to the substrate interfaces, respectively. The FP LC parameter is the Fabry-Perot coefficient for multiple reflections of the terahertz beam in the nematic LC cell, and can be written as
with a thickness of d LC , and ñ LC is the complex refractive index of the LC. In expressing the transmitted terahertz wave as in Eqs. (1) and (2), we assumed that the multiple reflections in the substrates can be ignored. Experimentally, this is done by choosing the measurement time window such that the multiple reflections are excluded. Using Eqs. (1) and (2), we can write the transmission coefficient of the LC cell, normalized to that of the reference, as 
͑4͒
Expressing ñ LC , ñ w , and ñ a into their real and imaginary parts, ñ LC = n LC + i LC , ñ w = n w + i w , and ñ a = n 0 , we can write the complex refractive index of the LC as follows:
͑6͒
Previous studies [14, 18] have shown that there is no resonance in the spectral range (0. [4, 27] , mid-infrared [4] , to the millimeter [28] [29] [30] waves together with those of this work in the millimeter and sub-millimeter wave ranges. gence of the LC can then be calculated using Eq. (7). Next, we consider the temperature effect on the optical constants of the LC. Confirming the results of Li et al. [24] in the visible, we also observed a linear temperature dependence of the average refractive indices of E7 in the farinfrared (see discussions in Subsection 4.B), ͗n͘ = ͑n e +2n o ͒ / 3, on temperature, i.e.,
Furthermore, because ⌬n is linearly proportional to S, its temperature dependence can be written as
where ͑⌬n͒ 0 is the birefringence of the LC at T =0 K, ␤ is a material constant which is not too sensitive to the molecular structure of LCs, and T c is the clearing point of the LC [24] . With Eqs. (8) and (9), we arrive at the four-parameter model for the temperature dependence of n e and n o ,
In the above two equations, parameters A and B can be obtained by fitting the temperature-dependent ͗n͘ for a given wavelength, while ͑⌬n͒ 0 and ␤ can be determined by fitting ⌬n͑T͒. Furthermore, we can derive the temperature gradients of n e and n o from Eqs. (10) and (11) as follows [25] :
These quantities are of interest in the design of LC devices based on laser-induced thermal effects in LCs [26] . The temperature gradient of the birefringence could also be significant for many applications based on ⌬n. , near-infrared [4, 27] , mid-infrared [4] , to the millimeter [28] [29] [30] waves together with those of this work in the millimeter and sub-millimeter wave ranges. 
RESULTS AND DISCUSSIONS

A. Complex Optical Constants
For the range of 0.2-2.0 THz, the extraordinary ͑n e ͒ and ordinary ͑n o ͒ indices of refraction of E7 at 26°C and its refractive index in the isotropic phase ͑60°C͒ are shown in Fig. 2 . Clear anisotropy in nematic phase was observed with n e = 1.690-1.704 and n o = 1.557-1.581. The refractive indices decrease slightly with increasing frequency from 0.2 to 2 THz. This general trend is also observed in recent study of the terahertz birefringence of the homologous series of nematic cyanobiphenyls by Lin et al. [20] . The corresponding terahertz birefringence ͑⌬n͒ of E7 at 26°C is about 0.130-0.148 and plotted as a function of frequency in Fig. 3 . This is comparable to the reported birefringence of E7 in the microwave range ͑⌬n = 0.13-0.15͒, but somewhat smaller than those in the visible band ͑⌬n = 0.21-0.26͒. The extinction coefficient of E7 is shown in Fig. 4 Figure 4 also shows that E7 is dichroic with a dichroic ratio, R = ␣ o / ␣ e , being 3.11 at 1 THz.
For comparison, we have organized the refractive indices of E7 reported in the literature from the visible [5] , near-infrared [4, 27] , mid-infrared [4] , to the millimeter waves [28] [29] [30] together with those of ours in the millimeter and sub-millimeter wave ranges. This is shown in Fig.  5 . The data from the visible to the mid-infrared can be fitted quite well by Eq. (7). The refractive indices in the terahertz (sub-millimeter wave), millimeter wave, and microwave ranges, however, deviate significantly from the fitting curves. Similarly, the available birefringence data across the entire spectrum are shown in Fig. 6 . The fitting curves were calculated using Eq. (7). Clearly the terahertz birefringence of E7 is smaller than that predicted from the visible birefringence.
The above observations could be qualitatively explained. It is well-known that dispersion could vary significantly near resonances. Cyanobiphenyls, such as 5CB and 7CB, are major components of E7. 5CB is known to have broad absorption features near 100, 140, and 165 cm −1 , i.e., ϳ3-6 THz to [31] . In particular, there is a broad shoulder extending from the sub-terahertz frequencies to the absorption band near ϳ100 cm −1 assigned to the libration of the rigid molecule around its long axis. The far-infrared absorption spectrum of 7CB exhibits similar profiles with absorption bands near ϳ100, 160, and 180 cm −1 [32] . Thus we can qualitatively understand the deviation of the terahertz refractive indices of E7 from Eq. (7), the three-parameter Cauchy equation, as it does not take into account these far-infrared resonances.
B. Temperature Effect
Following Li et al. [24] , we used the four-parameter model [A, B, ͑⌬n͒ 0 , ␤] to investigate the effect of temperature on the refractive index of E7. The measured data on the terahertz refractive indices (n e , n o ) allow the calculation of the average refractive indices ͑͗n͒͘ and birefringence ͑⌬n͒. Equation (8) is then used to fit the average refractive indices and get the parameters A and B. Results are shown in Fig. 7 . Here, the open circles represent the experimental data and the solid lines are the results of fitting. We also list the fitting parameters in Table 1 . It can be seen that ͗n͘ decreases as the temperature increases. The value of B is around 10 −4 / K, consistent with the result of Li et al. [4] .
We have also plotted ⌬n as a function of T-T c , where T c is the clearing point (see Fig. 8 ). Equation (9) is then used to fit the birefringence and obtain the parameters ͑⌬n͒ 0 and ␤, which are summarized in Table 2 . The temperature-dependent order parameter extracted from ⌬n (S = 0.58 at 1 THz and 26°C) agrees with values measured in the visible and near-infrared regions quite well. This is another indication that the data in the terahertz range are trustworthy.
Lastly, we substitute these two sets of parameters summarized in Tables 1 and 2 into Eqs. (10) and (11) and obtain the fitted refractive indices. The experimentally measured temperature-dependent real indices of E7 at frequencies of 0.34, 0.70, 0.98, and 1.40 THz and the fitting curves (solid lines) are plotted as functions of T-T c in Fig. 9 . The filled and open circles are experimental data for n e and n o , respectively. Above the transition temperature, i.e., in the isotropic phase, the experimental data are shown in Fig. 9 as crosses. Below the transition tempera- ture, the dashed lines show the average indices, ͑2n o + n e ͒ / 3, calculated from the fitting results. The temperature gradients of n e , n o , and ⌬n for E7 can be calculated by using Eqs. (12) and (13) and the parameters listed in Tables 1 and 2 . These are shown in Fig. 10 .
Both n e and ⌬n have negative temperature gradients, while that of n o exhibits a crossover behavior, i.e., it first decreases with temperature around room temperature and then increases with temperature. When the temperature approaches T c , all of these three quantities change abruptly as shown in Fig. 10 .
CONCLUSIONS
We have investigated the terahertz optical constants of E7, a liquid crystal (LC) mixture widely used across the electromagnetic spectrum for various applications. For the frequency range of 0.2-2.0 THz, the real parts of the extraordinary and ordinary indices of refraction of E7 at 26°C are 1.690-1.704 and 1.557-1.581, respectively. The birefringence of E7 is 0.130-0.148 in this frequency range. The optical constants of E7 in the terahertz or submillimeter wave range are found to deviate significantly from values predicated by the usual extended Cauchy equations used in the visible and near-infrared. We also show that E7 is dichroic. The imaginary parts of the indices of refraction at room temperature are e = 0.010-0.020 and o = 0.028-0.042. There is no sharp absorption feature for E7 from 0.2 to 2.0 THz. We have investigated the effect of temperature on the terahertz optical constants and ⌬n of E7 in the nematic and isotropic phases ͑26°C-70°C͒. The nematic-isotropic phase transition is clearly demonstrated. The temperaturedependent order parameter extracted from ⌬n agrees with values from the visible, near-infrared, and intermediate infrared regions quite well. We found that the temperature gradient of n e for E7 is negative, while that of n o changes from negative at room temperature into a large positive number as T approaches T c .
